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In today’s oceans, surface water masses exert a controlling effect on biogeographic provinces,
climate-scnsitive sediments and organic productivity, so it is important to undcrstand the factors
that generate and differentiate these water masses. A generalised temperature and salinity map
of the Recent, with related cffects like upwelling, sea ice, and surface runoff, has been compiled
in a new attempt to define marine climates. Present-day climate-sensitive sediments are included
to test their reliability as water mass indicators in the geological past. Then, reversing the
approach, water mass maps for the ninc Permian stages have been reconstructed from the
sediment types as well as from biogeographic considerations. It is clear from the Present-day
water mass map that geographically or bathymetrically restricted seaways arc more likely to
reflect local climate and be distinct from open ocean water masses in salinity or temperature.
Our Permian maps have been prepared with this duality in mind: epeiric seaways are portrayed
with the most differentiated water masses, while narrow continental shelves are generally similar

to adjacent occanic areas.

PRESENT-DAY WATER MASSES

The term, water mass, is herein used as the marine
equivalent for the terrestrial elimate zone, or biome,
and this seems appropriatc because temperature and
salinity cffcets in the oeeans generally scem to
have sharp boundaries, in contrast to the land
surface climate zones whieh posscss morc gradual
transitions. Water masses have been defined in a
variety of ways, but many published maps derive
from the classie work, ‘The Occans’ (Sverdrup
et al. 1942), which shows a limited number of
primarily oecan basin water masscs charaeterised
by speeifie ‘tempecrature-salinity charaeteristics’ and
defined along their margins by major eonvergenees
or divergences resulting from density differenecs.
By analogy with thc atmosphcere, thesc boundaries
may be referred to as ‘fronts’ and eome in a variety
of scales, including estuarine fronts, shelf-brcak
fronts, and upwelling fronts (Mann & Lazier 1991).
The morc loeal seales arc applicable to the geo-
logieal past becausc thcy affect settings typieally
preserved in the stratigraphic reeord.

In ‘Marinc Zoogcography’, Briggs (1974) uscd
the major oceanie econvergenees to  delimit
latitude-related ‘Surfaee Temperature Regimes’ and
observed that the north-south trending continents
provide longitudinal barriers for the various

biogeographie ‘regions’. He went on to opine that,
within regions, ‘minor barriers to gene flow exist
that, over periods of time, have resulted in
the formation of loeal cndemie species’, and he
identified these as provineial level boundaries.
Briggs based his zoogcography on fishes, but
eoncluded that the observed endemic pattemns were
eommon to other major groups. Most palaeont-
ologists probably refleet these views, but we point
out that sharp salinity changes and surfaee
produetivity levels also must play a major role in
biogeographic differentiation, and indeed may have
been the only factors when meridional land barriers
were less cffeetive. A better model for the faunas
of the geologic past may be the ‘Largec Marine
Eeosystem unit’: ‘LMEs are relatively large regions,
on the order of 200 000 km? or larger, eharacterised
by distinct bathymetry, hydrography, produetivity
and trophically dependent populations’ (Sherman
1993). About 50 of these units have becn defined
for the shelf scas, and inelude ecosystems on the
seale of the Great Barricr Reef and Indonesian
Scas.

The water mass approach is also rclevant
ceonomieally becausc eertain types of deposits
form under very specific marine eonditions; these
include evaporites, phosphorites and oil souree
rocks. The evaporites, ineluding halitc and gypsum,
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are deposited in areas where evaporation exceeds
precipitation, and where a level of isolation from
the ocean is established. Today, such areas are
mainly limited to lagoons, but in the Permian,
evaporite basins achieved scales of millions of
square kilometres (Zicgler et al. 1997). At the
opposite end of the spectrum, basins with a positive
precipitation balance may be sites for organic rich
muds and ‘estuarine circulation’ (Demaison &
Moore 1980; Hay 1995). Here, nutrient-rich waters
converge from surface runoff and also inflow from
the sea crcating a ‘nutrient trap’ and enhancing
surface productivity, while low-density brackish
surface waters contribute to stratification of the
water column, in turn limiting oxygenation of the
bottom waters. Upwelling water masses also
contribute to high surface productivity through
nutrient recycling and havc been implicated in oil
source rock formation and phosphorite deposition
(Parrish 1982, 1995).

We have developed an eight-fold classification
of Present-day water masses of the oceans using
particular salinity, temperature and productivity
related effects (Table 1). Our water mass base map
is shown together with sediments reflecting these
three parameters; Fig. 1 shows peats and evaporites
for comparison with the contours reflecting salinity,
Fig. 2 has reefs versus thc potential for ice-rafted
debris representing extremes on the temperature
scale, and Fig. 3 illustrates the distribution of
phosphorites and oil source rocks for correlation
with the potential sites of organic productivity,
whether associated with upwelling or estuarine typc
water masses. The water mass boundarics are based
on a eonglomeration of parameters determined from
ocean-scalc atlases showing monthly or at least
seasonal maps. The contours were chosen rather
arbitrarily because it is difficult to select particular
isotherms or isohalines that universally mark the
rapid changes that would reflect transitions in water
mass types. Maps representing opposite seasons
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were first prepared and examined for the seasonal
changes in thc position of the various water masses,
Then, the extreme, generally winter, conditions
were used in the composite base map for Figs 1-3
because cold temperatures are generally limiting
for marine organisms. It must be emphasised that
the boundaries of the water masses, however
defined, change constantly so their mapped
positions servc only as a guide to the general
patterns. The following sections provide additional
details on each of the eight water masses.

1. Wet Tropical. Water masses of the wet tropical
zone are defined as having relatively brackish con-
ditions with salinities below 32%. (average surface
salinity of thc ocean is about 34.5%c). Such areas
typically have high runoff from nearby land with
accompanying high turbidity. The plumes from
major deltas, like the Amazon and Niger, fall in
this category as do the shallow equatorial seaways
typified by the Indonesian region where the rainfall
associated with the Intertropical Convergence Zone
(ITCZ) is concentrated. The Bay of Bengal brackish
conditions extend over the deep ocecan duc to the
high river runoff and low mixing in a rcgime of
light wind activity (Tomczak & Godfrey 1994).
There is a rather vague correlation of peat with
low salinity only for restricted seas like Indonesia
(Fig. 1). By contrast, peat along the eastern coast
of Brazil is associated with normal to high salinity
showing that, along narrow shelves, coastal pre-
cipitation has little influcnce on the salinity of the
marine environment. Organic rich shales (Fig. 3)
seem not to be associated with the wet tropical
water masscs at the present time, but they atlmost
certainly were in the geological past (c.g. the
Permian of South China and the Jurassic of the
Arabian Peninsula). We can surmise this bccause
of the dual correlations of these source rocks with
low palacolatitudes, and of the general coincidence
of the ITCZ with the Equator today. Our view is

Coastal climate zone Watcr mass essentials

Geological recognition End-mcmber example

Glacial

Cold Temperate
Wet Temperate
Temperate

Cool Subtropical
Dry Subtropical
Tropical

Wet Tropical

Surfacc permanently frozen
Wintcr ice floes

Brackish surfacc waters
Mixed watcr column
Upwelling currents

High evaporation

Deep light penctration
High contincntal runoff

Marine tilt

Dropstones, rhythinites

Temperatc peats, organic-rich shales
Clastics . .
Organic-rich shales, phosphoritcs, cherts
Gypsum, halite, sabkha facies
Carbonates, oolites coralgal reefs
Tropical peats, muddy sediments

Ronne Icec Shelf
Labrador Current
Baltic Sea
Kiroshio Current
Humboldt Current
Persian Gulf
Bahamian Platform
Indoncsian Seaways

Table 1. Water mass classification.
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that these geographic settings, if associated with
restricted basins, would be productive because high
rainfall would result in estuarine water masses.

2. Tropical. Tropical water masses arc herein
limited by the 20°C winter isothcrm (Briggs 1974).
Additional requirements are that salinity is normal
and the water is clear due to a lack of sediment
or plankton in the water column. In low latitudes,
light penetration to the bottom can occur because
the zenith angle of the sun is sufficient for
refraction to the sea floor throughout the annual
cycle (Ziegler et al. 1984). This warms the water
and allows for bottom productivity and carbonate
build-ups in areas of good circulation, duc mainly
to the profusion of calcareous secrcting algac and
hermatypic corals. Our reef distribution (Fig. 2)
is mainly confined to the Tropical and the Dry
Tropical water masses as defined. In our experience,
this is true of the geological past, such that
carbonate build-ups rarely plot abovc 35° palaco-
latitude for areas whose positions arc well-
constrained by palacomagnetic data (Hulver et al.
1997). Non-tropical carbonates can be developed
poleward of reef trends where terrigenous sedi-
ment dilution is insignificant (Nelson 1988), but
Bahamian-type carbonatcs with reefs, algal mats
and oolite shoals are the characterising features of
the Tropical water masses.

3. Dry Subtropical. Areas with salinities above
37%o (yellow shading on Figs 1-3) are under the
influence of a strong ncgative precipitation minus
evaporation balance and do possess cvaporite
deposits in coastal lagoons. Admittedly, such
indicators also occur along upwelling eoasts, and
are not uncommon along coasts characterised as
having Mediterranean or Savannah elimates, so
a gencrally negative preeipitation situation is
adequate for evaporitcs. A subdivision of the Dry
Subtropical water mass with above 42%o salinity
(red shading on Figs 1-3) is shown, but is only
seen in the Kara Bogaz Gulf on the east side of
the Caspian Sca. This subdivision is proposed
mainly for thc gcological past when broad
evaporative seas existed in the subtropical zonc.
Areas like the Red Seca arc not suitable for oil
source rock formation because the saline waters
generated in shallow waters form density currents
which convey oxygen to thc depths of the basin.

4. Cool Subtropical. This category is reserved for
upwelling zones which are mainly limited to the
subtropical belt where the consistency of wind
direction and strength is availablc to drive Ekman
transport. Our maps show upwelling for oppositc
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scasons and were compiled from a varicty of
information ranging from temperaturc anomalies
to organic productivity (Binet & Marchal 1993;
Gordon 1967; Ittekot et al. 1992; Parrish et al.
1983; Sharma 1978; van Andel 1964; Zijlstra &
Baars 1990). Many organic¢ rich muds and phos-
phorites are associated with these upwelling zones
(Fig. 3), especially along the castern boundary
currents of the Atlantic and Pacific oceans. The
Arabian Sea is an interesting case because organic
rich muds and upwelling are common there, but
do not generally overlap in map distribution.
Here, thc upwelling does generatc high organic
productivity, the decay of which consumes the
oxygen in this region. This allows for preservation
of organic matter on the sea floor, which is isolated
from the dcep oxygenated waters of polar origin
by sills related to sea floor spreading.

5. Temperate. ‘This category ranges from the 20°C
to the 0°C isotherms and is simply reserved for
the broad temperate seas with average salinity.
There seems to be no particularly distinctive climate
indicator of this zone, although pcats are quite
common due to the low evaporation rates in mid
to high latitudes.

6. Wet Temperate. As ,in the casc of the Wet
Tropical, this category is defined by brackish
conditions, with salinities below 32%o0 and, in
extreme conditions like the Baltic and Black seas,
by salinitics below 27%o (dark brown color on
the maps). Thesc conditions are especially well
developed in geographically or bathymetrically
restricted basins associated with high rainfall zones.
Peats arc characteristically developed around the
margins and organic rich muds are common in the
centre, again due to the ecstuarine circulation
induced by the frcsh water cap cffect.

7. Cold Temperate. These water masses are
defincd by the extent, of sea ice in the winter
season and this corresponds closely with the 0°C
isotherm (Zwally ct al. 1983; Parkinson et al. 1987).
A high degree of asymmetry is observed in t}}e
Northern Hemisphere with respect to both Atlantic
and Pacific occans. This is becausc the high
pressure cells over North America and Eura;ia
drive ‘poleward currents (like the Norwegian
Current) on the west sides of the continents and
the Equator-ward currents (Labrador Current) on
the ecast sides of the continents. Cold Temperate
jcc-dominated seas reach low latitudes (45°) on the
east sides of the continents while the ice flows
are confined above 80° by the Norwegian current,
even in winter. The scasonal variability in air and
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sea surface temperature is at a maximum along
the east sides of continents due to outflow of cold
continental air, causing a stressful existence for
organisms living there. In the Southern Hemisphere
the sea ice extends about 1000 km from Antarctica
in the winter, but virtually disappears in the
summer, making this an extremely variablc cnviron-
ment (Zwally et al. 1983). Diamictites would be
indicative of this environment in the fossil record.

8. Glacial. Permanent ice floes, like most of
the Arctic Ocean, or the Ronne and Weddell Ice
Shelves, constitute this environment. Tills could
be expected along mountainous coasts of these
regions. The Glacial and Cold Temperate Water
Masses today are generated by outflow of cold air
mainly from ice sheets, so the question arises as
to their existence during periods of the geological
past when continental scale ice domes were
lacking. The situation in the Northem Hemisphere
is complicated by the confined nature of the Arctic
Occan; winds cannot effectively disperse the ice
on an annual basis as happens in the Southern
Hemisphere. From the mcteorological point of
view, the northern continents together with the
Arctic Ocean constitute a polar supercontinent, pro-
ducing frigid climates atypical of the geological
past (Ziegler 1998).

PERMIAN WATER MASS
RECONSTRUCTIONS

Water Mass maps have been prepared for the nine
stages of the Permian (Figs 4-12) and are based
on the palacogeographic maps of Ziegler et al.
(1997). They have bcen reconstructed from the
climate-sensitive sediment types already discussed
as well as from facics maps in the literature. The
sediment databasc has 1200 fully documented
entries which provide information on location,
age, environment and literature reference for each
point. This database differs from our previous
cfforts in that it covers all the stages of the
geological period under consideration, but it is
limited to specific rock types. The age control is
provided in terms of local as well as international
stages (Jin et al. 1997) to allow for future changes
in our understanding of the correlation of these
units, The climate-sensitive database (including the
Recent) is available on request from the senior
author.

There are a number of caveats in reading the
Permian maps presented here. The continental
positions are being refined based on a thorough
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reassessment of the ages of the formations from
which the palacomagnetic determinations were
obtained. Secondly, the shoreline positions were
taken from Zicgler et al. (1997); these represent
average positions for each of four intervals and
because of this, some marine data points may
appear in the wrong environment. Thirdly, the
correlation of Permian sections around the world
is in a state of flux. Finally, the Permian stages
average about five million years long, and sig-
nificant changes in climate can occur within a
stage, due for instance to Milankovitch cffects,
allowing for the superimposition of data repre-
senting different climate scttings.

Special attention should be given to the broad
epeiric seaways because this is where the climate-
sensitive sediments tend to be concentrated. The
epeiric seas would have been isolated enough
from the open oceans to develop distinctive water
masses. Also of gencral interest is the fact that
Pangaea drifted north about 15° in the Permian,
5o climate changes noticed in many of the basins
are due to this change in palaeolatitude (Ziegler
et al. 1997). In the following discussion, the
Permian water mass development is described on
a region-by-region basis, proceeding from south to
north. The details provided herein are brief and
just a few key references are provided because
the palacogeographic details have been published
(Zicgler et al. 1997) and a comprchensive atlas
on the Permian is in preparation,

Sydney and Bowen Basins. These ecastem
Australian basins remained at about 60° south
throughout the Permian where Glacial climates
were widespread in the carliest Permian stagc as
in many other Gondwanan areas. Following this,
Cold Temperate conditions, as cvidenced by drop-
stones and restricted benthic faunas and coastal
floras, persisted through the Early Permian and just
into the Middle Permian (Dickins 1996; Shi &
Archbold 1996; Retallack 1980). Glacial activity is
not implicated, at least at coastal plain elevations,
and seasonal ice is thought to have rafted the debris
into the basins. The persistence of cold conditions
along the eastern continental margin is similar to
the Present situation (Fig. 2) as it is here that flow,
like the Labrador Current, transports sea ice to
lower latitudes, and that the outflow of continental
air is greatest in the winter.

Parana and Karoo Basins. These basins of south-
ern South America, southern Africa and Antarctica
were interconnected as indicated by similarities in
the microstratigraphy and faunas (Oclofsen &
Araujo 1983; Collinson ct al. 1992). Early Permian
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marine faunas became endemic, then disappeared
suggesting that the scaway became progressively
isolated from the occan during the Permian (Newell
& Runncgar 1970). The exact connections with the
ocean arc unknown but it seems likely that they
were severcd by the convergent tectonics along
the southern margin of Gondwana (Cape Orogeny,
etc.). Diamictites are present during the first three
Permian stages, but alternate with interglacial inter-
vals, including an interval of phosphorites directly
on top of tillites in the Sakmarian (Fig. 5; Buhmann
et al. 1989) of South Africa. These may represent
“jce-margin upwelling’ conditions (Hay 1995). The
Irati and Whitehill o1l shales follow (Fig. 7; Cole
& McLaughlin 1991; Zalan et al. 1991) although
the correlation with the late Lower Permian is
uncertain and subject to change. We reconstruct
brackish conditions in this seaway during most of
the Permian in view of the coals and low diversity
faunas, although by thc late Permian, the Parana
region was clearly drifting into the subtropics and
has indications of arid conditions. Of course,
brackish conditions can exist in dry regions (c.g.
the Present-day Caspian Sca) if the supply of fresh
water from adjacent regions is sufficient, and this
particular basin cxtends over 40° of latitude.

Western Australia and northermn India. Scattered
occurrences of phosphorites (Herring 1995; Gar-
zanti 1993; Veevers & Tewari 1995) and oil source
rocks of the Carnarvon and Canning Basins (Warris
1993) along this northern coast of Gondwana may
have had an upwelling origin. Climate modelling
confirms suitable conditions for offshore Ekman
transport (that is, coast-parallel westerly winds)
during the winter scason (Kutzbach & Ziegler
1993). The fact that coals arc lacking from the
coastal sequences adjacent to thesc deposits implies
dry climates for these mid-latitude regions, a likely
corollary of upwelling conditions. We note that the
Gondwanan coals arc abundant clsewhere in India
and Australia.

Amazon, Maranhao and Gabon Basins. We re-
construct these three basins as one continuous basin
across Brazil to coastal Africa. This subtropical
region shows extensive cvaporites and eolianites in
the early Permian intervals (Szatmari et al. 1979),
In Gabon, earlicst Permian tillites are followed by
phosphorites, organic rtich shales and finally
evaporites (Micholet et al. 1970). Because of the
quasi-marine nature of these deposits, a conncction
through the Amazon Basin is proposed as the
most parsimonious conncction to the ocean, bearing
in mind that mid-Palacozoic marine deposits arc
known from the intermediate areas in castern

Brazil. Early Permian source rocks are manifest
in the areas of western South America, near the
western end of the Amazon basin (Femandez-
Scveso & Tankard 1995; Mathalone & Montoya
1995), and we rclate these to the cool subtropical
upwelling system.

Arabian Basin. Tillites and dropstones extend
through the first three intervals of the Permian and
represent the lowest latitude of such deposits in
the Permian, about 35° from the Equator (Ziegler
et al, 1997). This region makes the transition from
glacial and temperate conditions to the subtropical
dry zone during the Permian. Thus, carbonate build-
ups appear here about the time they disappear from
the Northern Hemisphere (LeNindre ct al. 1990).

South China Platform. This broad cpeiric region
moved across the Equator during the Pcrmian. Coal
is especially well developed during several stages
and represents the passage bencath the Intertropical
Convergence Zonc (Nie 1991). The Cathaysian
Floras have been related to the tropical rainforest
biome (Zicgler 1990) and arc cquivalent in age to
oil source rocks occurring in offshore basins. We
relate these to brackish water-induced stratification
of the water column (Wang & Ziegler, in prep.).
Evaporites are not present but dolomites do occur
in the southwest in the carly Permian, and in the
northeast in the latest Permian. Thesc represent
drier conditions and elevated salinitics beneath
the southern and northemn subtropics, respectively,
as the continent moved northward across the
cquatorial zone.

Western North America. This broad region extends
from the Marathon thrust belt extension of the
Appalachians on the southemn margin of the
Permian Basin of west Texas (Hanson 1991), across
the Ancestral Rockies to the marginal basins of
the Pacific Northwest. Early in the Permian the
oil source rocks of west Texas seem to have formed
in a ‘Pontic Sea’ (cquivalent to the Present-day
Black Sea; Hills 1972), while the floras indicate
tropical wet conditions to the south and east
(Zicgler 1991). We envisage a rapid transition from
brackish conditions on the south to normal salinitics
in the region of the carbonate build-ups of the
Texas-New Mexico border region and finally to
the high salinities of the Decnver and Williston
Basins (Mazullo 1995). As the continent moved
northward into the subtropics, progressively drier
conditions enveloped the entirc region as signalled
by extensive evaporites and acolian sand seas
(Parrish & Peterson 1988). Along the Pacific rim,
the Phosphoria Formation, with its oil source rocks,
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was deposited in upwelling conditions, as has been
understood for many years (Claypool et al. 1984;
Maughan 1994).

Zechstein Basin. Europe moved northward off the
Equator in the Permian, so the tropical rainforests
of the Carboniferous were left behind, with just
a few coals remaining in the early Permian
(Glennie 1984). The classic marine evaporite basin,
the Zechstein Sea, developed in the late Permian
of northern Europe (Figs 11, 12) as a successor
to the non-marine Rotlicgend evaporite basin
(Fig. 10). Deep conditions existed, especially after
the Zechstein was initially filled in a catastrophic
flood (Kiersnowski et al. 1995) and oil source
rocks developed during restricted intervals (Taylor
1984).

Russian Platform, and the Barents and Sverdrup
Basins. The castern margin of the Russian Plat-
form was progressively thrust-loaded during the
Permian. A deep foreland basin was present
along this margin in the early Permian with a
continuous line of reefs along its western side
(Chuvashov 1983). Phosphorites occur in this
basin (llyin 1989) which was of unknown width,
so their apparent proximity to thc reefs on our
maps is probably spurious. The reef trend continues
to the south around the perimcter of the North
Caspian Depression (Aksenov 1993; Volchegurskiy
et al. 1995) and to the north into the Pechora,
Barents and Sverdrup Basins (Belyakov 1995;
Bruce & Toomcy 1993; Beauchamp 1993). This
barrier reef trend apparently restricted oceanic
exchange with the Russian Platform Seas, and
evaporitic conditions were extensive, particularly
in the Kungurian Stage (Fig. 7). Oil source rocks
were deposited in the North Caspian Depression
in the early Permian (Mcdvedeva ct al. 1994),
probably as a result of the silled nature of the
basin; an additional factor could have been the
development of a fresh water cap derived from
runoff from the mountains to the south. The Uralian
foreland basin was infilled with clastics during the
late Permian, and thcse range from dry climate red
beds in the central Urals to coals of the Wet
Temperate zone in the northern Urals.

Omolon and the Verkhoyansk Coast. The Siberian
part of Pangaea drifted from about 75° north to
the pole during the Permian. A marine diamictite,
the Atkan Formation, is widespread in this region
and was orginally interpreted as a deposit of
beach-dcrived pebbles transported into relatively
deep marine environments through the action of
seasonal shore ice (Epshteyn 1981). More recently,
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‘pebbles and boulders with occasional traces of
long-term glacier abrasion’ have been discovered
in this formation so glaciers must have developed
and flowed into the sea at least locally (Chumakov
1994). The age is thought to be early Tatarian
(Fig. 10) because the deposit seems to just predate
the carliest ‘normal’ intervals of the magneto-
stratigraphic scale (Kashik 1990). The brachiopods
of this horizon suggest an cven earlier Kazanian
age (T. A. Grunt, pers. comm.). In any case, a
Middle Permian age is indicated and this means
that this event is unlikely to have influenced the
end-Permian extinction (cf. Knoll et al. 1996).
Permian continental and marine strata of the
Verkhoyansk margin of Siberia contain large
amounts of humic matter and constitute a major
source of both oil and gas (Sokolov et al. 1988).
Land plant productivity is implicated and the timing
of its deposition within the Permian is unclear,

CONCLUSIONS

We have compiled a Present-day water mass map
based on a polyglot of ocecanographic parameters
and have corrclated the result with sediment types
potentially indicative of temperature, salinity and
organic productivity. Thus, the water masses are
based on rigorously defined contours of temperature
and salinity which, admittedly, are only casually
related to convergences and divergences in the
surface currents of the oceans. The application of
this approach to the geological past depends on
the degree to which the climate-sensitive indicators
match the water masses as defined. We have scen
that these sediment types are rarely confined to
onc water mass category, and that they seem to
be more concentrated in seaways with some
geographic or bathymetric limitation from open
ocean conditions. Since the continental shelves
today average just 100 km in width, wider re-
entrants like thc Baltic Sea and the Persian Gulf
become the models for the epeiric scas of the past.

In practice, we have found it relatively straight-
forward to reconstruct the water masses of the
Permian, using the sediment indicators, and feel
that an important test of the maps would be the
extent to which they correlate with the bio-
geographic patterns of various fossil groups. World-
wide compilations based on a number of fossil
groups havc been published (see papers in Scholle
et al. 1995, for good examples, and Grunt & Shi
1997), although an intcgration across all marine
groups has never been attempted. Latitude (tcmper-
ature) is often implied as a controlling factor in
thc Permian and the ecxistence of a north-south
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Fig. 1. Present-day indicators of precipitation balance superimposed on water mass patterns. Lowland peat deposits and marginal marine evaporites are plotted
and may be compared with the low- and high-salinity areas, respectively. The water masses defined on relative salinity are the Wet Temperate and Wet
Tropical zones (tan color = 27-32%0; brown =<27%c) and the Dry Subtropical zone (yellow color = 37-42%0; red = >42%o).
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Fig. 2. Present-day indicators of climate extremes superimposed on water mass patterns. Reefs and tills are plotted and may be compared with the equatorial
and polar water masses, respectively. The water masses defined on temperature are the Tropical and Dry Subtropical zones (>20°C) and the Cold Temperate
and Glacial zones (<0°C). Winter conditions are shown in both hemispheres, as these are likely to be limiting for marine organisms.
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Fig. 3. Present-day indicators of high biological productivity superimposed on water mass patterns. Phosphorites and organic rich muds are plotted and may
be compared with the Cool Subtropical and the Wet Temperate water masses. The upwelling regions define the Cool Subtropical zone and are shown for
opposite seasons (DJF and JJA).
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land barrier evokes

the Present-day style of

pervasive geographic barrier to marine interchange.
We feel that the application of the water mass

concept to biogeography and palaeobiogeography

would help to stress the importancc of sa

linity

and productivity, in addition to tcmperature and
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Fig. 4. Permian Stage 1 (Asselian, Early Wolfcampian, Early Chuanshanian) climate-sensitive scdiments and

reconstructed water masscs. The palacogeography is from the Sakmarian map of Ziegler et al. (1997).
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geography. With this approach we can provide the to assess palaeontological arguments for distance
geographic and climatic framework for examining between, or proximity of, terranes based on faunal
evolutionary relationships of marine faunas, and differences or similarities.
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Fig. 5. Permian Stage 2 (Sakmarian, Late Wolfcampian, Middle Chuanshanian) climate-sensitive sediments and
reconstructed water masses. The palacogeography is from the Sakmarian map of Ziegler et al. (1997).
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The effect of relative salinity on marine the water column. Coal-forming swamps in the
circulation is especially important because of its coastal regions are suggestive of the continuity of
influence on the stratification versus mixing of precipitation through the annual cycle (Lottes &
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Fig. 6. Permian Stage 3 (Artinskian, Early Leonardian, Late Chuanshanian) climate-sensitive sediments and
reconstructed water masses. The palacogeography is from the Artinskian map of Ziegler et al. (1997).
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Ziegler 1994) and therefore of fresh-water runoff suitable source areas, so pelagic communities and
and stratified water masses. Clastic and nutrient organic-rich muds should dominate in end-member
input as well as turbidity are also implied, given examples of these low salinity water masses.
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Fig. 7. Permian Stage 4 (Kungurian, Late Leonardian, Early Chihsian) climate-sensitive sediments and reconstructed
water masses. The palaeogeography is from the Artinskian map of Ziegler et al. (1997).
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Examples include the middle to late Permian of the spectrum are the evaporite basins so Promjpent
China and the late Carboniferous to earliest Permian  in the Permian, including the Zechstein, Ruggian
of the US Midcontinent. At the opposite end of and US seaways of the northern subtropical ;e
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Fig. 8 Permian Stage 5 (Ufimian, Roadian, Latc Chihsian) climate-sensitive sediments and reconsiructed water
masses. The palacogeography is from the Kazanian map of Ziegler et al. (1997).
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and t_he Amazon and Arabian Basins of the evaporation and a well-mixed water column; faunas
opposite hemisphere. These basins must have were extremely specialised and limited by the high
had a deficiency of precipitation in relation to salinities and temperatures.
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Fig. 9. Permian Stage 6 (Kazanian, Wordian, Early Maokouan) climate-sensitive sediments and reconstructed water
masses. The palaecogeography is from the Kazanian map of Ziegler et al. (1997).
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Finally, oil source rocks are widespread in in the terrestrial realm, density-stratified basing in
Permian rocks and originated in a variety of the marine realm, and coastal upwelling  zoyqg.
environments. These include lakes and coal swamps  Authors have favoured the upwelling mode] g,
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Fig. 10. Permian Stage 7 (Early Tatarian, Capitanian, Late Maokouan) climate-sensitive sediments and reconstructed
water masses. The palacogeography is from the Tatarian map of Ziegler et al. (1997).
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marine source rocks (Parrish 1995; Hay 1995),
but many Permian oil basins are associated with
sediment types that are inconsistent with the

upwelling setting. These include coals and other
indicators of rainfall, while in fact desert conditions
are typical around upwelling zones because the
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Fig. 1l. Permian Stage 8 (Middle Tataran, Early Ochoan, Wuchiapingian) climate-sensitive sediments and
reconstructed water masses. The palaeogeography is from the Tatarian map of Ziegler et al. (1997).
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cool waters inhibit evaporation and chill the west Texas), and normally bottom productiviy,, s
atmosphere. Also, carbonate buildups are associated inhibited by thc opacity to light penetration that
with a number of Permian oil forming basins (i.e. results from the plankton blooms of UpWeling
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Fig. 12. Permian Stage 9 (Late Tatarian, Late Ochoan, Changhsingian) climatc-scnsitive sediments and reconstructed
water masses. The palacogeography is from the Tatarian map of Ziegler et al. (1997).
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zones. This work is thus allowing us to expand
predictive models for these economically important
deposits.
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